In the process of heavy oil thermal recovery, the creep of strata can often be accelerated due to injection pressure, the temperature of steam, the structural characteristics of rock itself and other factors. However, the effect of creep in strata may cause various types of damage in underground mining, such as fracture or deformation of oil casings, and so on. The mechanism of fluid-structure interaction provides a powerful theoretical guidance for stratum creep, which happens during the process of heavy oil thermal recovery. According to existing research, a practical engineering finite element model of Jin.25 Block in Liaohe Oilfield was built based on the finite element analysis software ADINA, and the numerical simulation of the thermal recovery stratum creep of Jin.25 Block was done using the fluid-structure interaction (FSI) calculation module. The results were compared and analyzed, combining each influencing factor of the stratum creep in practical engineering. It is proposed that steam injection pressure should not exceed 14 MPa while enhancing oil recovery by increasing the injection pressure; the main reason is that temperature impact on casings is closely related to the change in stratum creep stress. However, particular attention should be paid to the thermal sensitivity of casing itself and creep deformation when the hydraulic conductivity magnitude is above 1 × 10 −9 m/s, so as to effectively prevent or minimize the economic loss caused by stratum creep.
Introduction
Creep effect [1] [2] [3] [4] of strata is one of the important factors causing damage to oil casings in oilfields; especially during the process of heavy oil thermal recovery, the creep effect is more obvious. Stratum creep is the changing characteristics of stratum strain from the original condition of field stress over time. Therefore, wells without casings generate radial shrink. After well completion, additional loads on the casings increase when resisting shrink. Given a sufficiently long period, this additional load tends to stabilize; the stable pressure is called the "creep load of casing". Therefore, the damage rate of casings is quite large. According to a survey from 1976 thermal recovery oil wells in Jinzhou Oil Production Plant in the year of 2002, the number of damaged casing wells was 524, which accounted for 26.5% of the total number of wells. This phenomenon is a serious threat to the normal exploitation of oilfields.
During the process of steam injection and thermal recovery, stratum creep is one of the most important reasons for casing damage in oil reservoirs [5] [6] [7] . The occurrence of stratum creep is intimately related to the mechanism of fluid-structure interaction. Xu and Xu [8] proposed that the stability of the creep process in boreholes is a mechanics problem, including rock properties, stress state, and stability under fluid-structure interaction. Liu and Liu et al. [9] built the nonlinear deformation coupled theory model of fluid seepage and rock medium in reservoirs and established the relationship between oilfield injection production and crustal stress field disturbance and stratum deformation. Liu and Yu [10] established a new mathematical model to simulate stress distribution from the combination of casing-cement and the surrounding rock ring, considering seepage and stress interaction during the oil development process based on fluid-solid coupling theory.
Additionally, Collins [11] put forward that geomechnics can enhance the SAGD (Steam Assisted Gravity Drainage) process and subsurface reservoir deformation could result in surface heaves, which can provide the location of subsurface deformations.
Li et al. [12] built a numerical scheme, and studied the permeability change of a simulated granular material like sandstones with the deformation and damage development of the solid part based on the commercial code PFC (Particle Flow Code).
Based on a new version of the Reis drainage model, Azad and Chalaturnyk [13] proposed a coupled mathematical model and revealed the effect of geomechanics in the process and how it could successfully decrease the modeling time. Rutqvist et al. [14] analyzed coupled multiphase fluid flow, heat transfer, and deformation in fractured porous rock base on TOUGH2 and FLAC3D which were linked and jointly executed for coupled (THM) analysis.
Tran et al. [15] pointed out that the accuracy and the large run time of the coupled solid-mechanics fluid-flow model limited the application of coupled model in full-field studies, and then presented a new iterative coupling method to solve the coupling problem between Reservoir Simulator and Geomechanics Module.
Dusseault [16] put forward that sand production from high porosity sandstones is an example of quasi-static solid-liquid coupling, and this new understanding of dynamic-static coupling has opened up a new applications area in geomechanics.
Cai et al. [17] used the Lattice Boltzmann Method to simulate fluid-solid coupling heat transfer in fractal porous medium, which indicated that Lattice Boltzmann Method is feasible and reliable in revealing the phenomenon and rules of fluid-solid coupling heat transfer in complex porous structures.
Therefore, correctly using the fluid-structure interaction mechanism is the key to analyzing the reasons for creep effect in the process of steam injection thermal recovery.
Fluid-Structure Interaction of Steam and Rock
Stratum fluid-structure interaction seepage flow [18] [19] [20] mainly refers to the coupling between rock mass structure and pore fluid (gas or liquid) [21] . For instance, in mining engineering [22] , stratum subsidence may occur due to the dewatering from underground; water bursting in mines and the urban land subsidence caused by groundwater pumping; stratum creep caused by water or steam injection exploitation in oil wells; coal mining between water-contained strata and artesian aquifers; and the effect of slope stability on dam structure due to seepage, and so on. All of the above are related to fluid-structure interaction [23] .
During the process of steam injection thermal recovery, the coupling effect of steam and rock is specifically manifested in the following aspects:
(1) When injected into the reservoir, the steam exceeds the overburden load and is subjected to the horizontal stress effect. If the steam pressure increases in the exploitation process, the oilbearing reservoir would generate extruding deformation because of the effect of stress, and then the pore space would get smaller, thereby causing the crude oil to flow out from the reservoir. In fact, the pressures that the crude oil burdens in all directions are equal to each other. The reservoir pressures in the vertical and the horizontal directions would decrease at the same level if the steam injection was stopped; therefore, thermal recovery by steam injection would cause compression deformation in the horizontal direction. Thus, reservoir deformation may also influence and affect the oil movement underground. (2) Because of the compression in the oil reservoir, the porosity may be reduced and then the hydraulic conductivity would decline, the flow resistance would increase and the current velocity would decrease. However, the decrease of current velocity inhibits the flow rate of steam pressure, which in turn prevents the further compression of pore or fracture. (3) Steam has an impact on the stress-strain constitutive relationship of rock mass [24] . (4) Fluid seepage flow equations [25] .
Seepage flow equations include the continuity equation and the constitutive equation of seepage, and the deformation field equations of rock include the equilibrium equation, the geometric equation and the constitutive equation.
The relationship between the deformation of rock skeleton and seepage coupling effect may be expressed as:
The relationship between rock peak strength and fluid pressure may be shown as:
where K is the hydraulic conductivity in md, z   is the vertical effective stress for rock mass in md, p is the fluid pressure, and A, B, a1, b1 is the rock material constant greater than zero, respectively.
Model Building and Solution
Taking Jin.25 Block in Liaohe Oilfield as an example, the structural model and the fluid model of creep strata in this block during the process of thermal recovery by steam injection were built based on the finite element software ADINA, and then the coupling was calculated in the FSI module in ADINA. The results were extensively analyzed.
Model Building
The geometric model close to the actual project was built according to Jin.25 Block and the well points were arranged based on its actual intensity, which includes four high pressure steam injection wells; the others are oil-producing wells. The structural model and the fluid model were respectively established, while the strata as the structure model are the investigated subjects, which are composed of the rock mass with various types of lithology.
The fluid-structure coupling model was based on the assumptions as follows:
(1) The coupled system consists of solid and fluid; (2) Interstitial fluid is completely filled within the rock and obeys the Darcy's law; (3) The parameters of the reservoir do not affect each other and stay constant; (4) Transient analysis and large displacement assumptions were set in the coupled model; (5) The constitutive relationship of materials was based on previous test results and the constitutive relationships of material tests.
The two models were built by the way of "Parasolid" in ADINA. The structure model and the fluid model is shown in Figures 1 and 2 , respectively. The material parameters are listed in Table 1 . 
Coupling Results
Jin Oil Field has been exploited since 1979 and the exploitation in heavy oil blocks has occurred more recently. Accordingly, damage to casing wells occurs frequently. According to the survey results of 1976 oil wells in Jinzhou Oil Production Plant in 2002, the number of heavy oil wells accounted for 30.8% in all of the oil damaged casing wells, wherein, the fracture casing wells accounted for 10% of the damaged casing wells, and 62.8% of which occurred in the reservoir site. Therefore, it is our focus to analyze the damaged casing wells in the reservoir site.
According to the numerical analysis model, the solution for the fluid-structure interaction was obtained, which shows that the most serious creep stratum occurred in the reservoir site during the process of the thermal recovery fluid-structure interaction. As is shown in Figure 3 , the creep deformation was most obvious in the reservoir section, which is almost consistent with the survey results of the actual project. In terms of effective stress, the larger the effective stress around the wellbores is, the more seriously damaged the casings will be. As is shown in Figure 4 , the section in Plane XZ which includes three steam injection wells and a production well suggests that most steam injection well sites of Jin.25 Block are included. It can be also clearly seen that it is in the middle section that the creep deformation occurred. What is the more important point is that the concentration of the maximum effective stress is in the middle section where the second well is located, which is counted from left (As "△" is shown in Figure 4 ). According to the actual survey results from Jin.25 Block, it shows that the majority of the damaged casing wells were concentrated in this area, as is shown in Figure 5 . Consequently, it has shown a good agreement with the results of the numerical simulation. 
Analysis and Discussion of Results
In petroleum engineering, thermal recovery has become the main method of heavy oil exploitation. However, in China, heavy oil accounts for more than 30% of its total oil resources, recurrent flooding alternating disturbance is typical of thermal recovery in reservoirs and the temperature always changes drastically, so the thermal recovery process in heavy oil reservoirs relies on a typical heat-fluid-structure interaction system [26, 27] . With the continuous advance of injection time, the stress state of deep underground rock becomes complex and changeable; finally, leading to the formation of creep effect, and the creep effect is particularly obvious in the reservoir section. There are many factors that influence stratum creep, which can restrict as well as interact with each other. In this paper, three main factors were chosen: steam injection pressure, steam injection temperature and hydraulic conductivity, respectively. The stratum creep displacement, the effective stress and the strain were calculated considering the effect of fluid-structure interaction on the factors above. Then, the results were analyzed and finally some project proposals were put forward to protect oil casings.
Influence of Steam Pressure on Coupled Creep
Steam injection pressure is generally high in the process of thermal recovery by steam injection. On the one hand, high pressure steam can accelerate the softening of ion in heavy oil; on the other hand, it also provides an effective power source for oil production. However, it inevitably promotes the fluid-structure interaction effects in high pressure injection production at the same time, which could result in the fast creep of strata and the acceleration of casing damage. Therefore, the steam injection pressure is a factor that we need to consider.
Combined with the actual situation of steam injection in Jin.25 Block, three different steam injection pressures (10 MPa, 12 MPa and 15 MPa, respectively) were mainly considered in this simulation. The changes that occurred when the steam injection pressure was changed in the maximum creep displacement, the effective stress and the strain are shown in Figures 6-8 .
Along with the advance of the steam injection, the maximum creep displacement, effective stress and the absolute value of the strain increased constantly, whereby some negative effects may occur such as lateral extrusion, expansion creep in all directions and stress concentration around the casing wellbores, which may lead to deformation and even destruction of casings. In the longitudinal comparative analysis, when the steam injection pressure increased from 10 MPa-15 MPa, it can be seen that the parameters of creep effect were obviously increased with the increase of injection pressure from the creep displacement, and stress and strain time history curves, which may more easily affect the normal use of the casings in injection wells. Therefore, reasonable injection pressure is an important measure in the injection process.
Influence of Steam Injection Temperature Stress on Coupled Creep
The viscosity of heavy oil is high, generally more than 50,000 MPas. Therefore, it is very important to reasonably maintain a certain high temperature steam for heavy yield of oil. The heating mechanism of heavy oil exploitation can be summarized as follows:
(1) Energy transfer is due to the movement of fluid injection. (2) Heat conduction is induced from the high temperature region to the low temperature one in the reservoir. (3) Heat convection between the original fluid and the injection fluid is due to the heterogeneity of the reservoir.
According to the actual case of steam injection in Jin.25 Block, three cases were considered including 250 °C, 350 °C and without considering temperature, the maximum creep displacement, the effective stress and the strain time history curves, which are shown in Figures 9-11 .
The time history curve of the maximum creep displacement shown in Figure 9 indicates that the injection temperature hardly affects the creep displacement in the injection process, but it can greatly affect the stress and the strain of creep stratum as is shown in Figures 10 and 11 . Especially if temperature is not considered, the change in the effective stress is unstable and the strain is much smaller when taking temperature into consideration. Therefore, injection temperature also plays an important coupling role in creep strata and should not be neglected. 
Influence of Hydraulic Conductivity on Coupled Creep
In Darcy's law, the proportional coefficient K is called hydraulic conductivity or permeability coefficient. In isotropic media, hydraulic conductivity is defined as the flow unit ratio of hydraulic gradient. Hydraulic conductivity represents a physical quantity (dimension L/T) with the ability to transport fluid in porous media. So, it is related to the nature of fluid and the skeleton.
Correct determination of hydraulic conductivity is crucial in related seepage numerical analysis. The hydraulic conductivity value mainly depends on the shape, the size and the connectivity of pores. Three strata in different hydraulic conductivities were considered in this model, which were 8 × 10 As can be seen from Figure 12 , in the same injection condition, the differences of the maximum creep displacement were not large when the hydraulic conductivity decreased from 8 × 10 m/s, but the differences were significant when the hydraulic conductivity was 1 × 10 −9 m/s; namely, that the creep displacement value decreased more than did the former two, which indicates that the hydraulic conductivity of the creep displacement is not a simple linear change and it is closely related with the magnitude of the hydraulic conductivity. So, it can be generally inferred that 1 × 10
is a watershed for the creep displacement. The strain time-history curve can roughly reflect this change as is shown in Figure 14 , while Figure 13 shows that the difference in hydraulic conductivity of effective stress is little. To sum up, permeability has a certain effect on thermal creep displacement and strain, which mainly depends on the magnitude of hydraulic conductivity.
Conclusions
The three-dimensional multi-layer finite element model was established by the finite element analysis software ADINA, which described the fluid-structure interaction numerical simulation of stratum creep of Jin.25 Block in Jinzhou Oil Production Plant, Liaohe Oilfield. Three factors including injection pressure, injection temperature and hydraulic conductivity of rock were considered in determining their influence on stratum creep in the process of steam injection thermal recovery. The following conclusions can be drawn through the analysis of the time-history curves of creep displacement, effective stress and strain with several factors:
(1) Steam injection at different pressures significantly impact stratum creep. In this model, according to the actual injection case in Jin.25 Block, coupling results analyses at different steam injection pressures are as follows: the formation creep displacement, the effective stress and the strain increased significantly with the incremental increases in steam injection pressure. Therefore, it is important to reasonably control the steam injection pressure while enhancing oil recovery, and when increasing the injection pressure, it is proposed that the steam injection pressure should not be more than 14 MPa.
(2) Engineering practice has indicated that injection temperature could affect casing damage, but there are not enough data to prove whether the damage is related directly to the formation of creep or not. Nevertheless, the analysis results show that the influence of temperature on stratum creep displacement is very small while it has a large influence on effective stress and strain. Then, it can be inferred that the main reason for temperature impacting casings is closely related with the change in stratum creep stress, disregarding the thermal sensitivity of casing itself. Therefore, it is impractical to not consider the coupling effect of temperature in thermal recovery.
(3) Hydraulic conductivities in different rocks are not the same; the impact on stratum creep mainly relies on the magnitude range of hydraulic conductivity. In general, creep deformation should be paid particular attention to when the hydraulic conductivity magnitude is above 1 × 10 −9 m/s. In injection process, injection pressure or injection temperature can be significantly reduced to avoid the excessive stratum creep.
